G-protein-coupled receptors (GPCRs) represent the major protein family for cellular modulation in mammals. Therefore, various strategies have been developed to analyze the function of GPCRs involving pharmaco-and optogenetic approaches [1, 2] . However, a tool that combines precise control of the activation and deactivation of GPCR pathways and/or neuronal firing with limited phototoxicity is still missing. We compared the biophysical properties and optogenetic application of a human and a mouse melanopsin variant (hOpn4L and mOpn4L) on the control of G i/o and G q pathways in heterologous expression systems and mouse brain. We found that GPCR pathways can be switched on/off by blue/yellow light. The proteins differ in their kinetics and wavelength dependence to activate and deactivate G protein pathways. Whereas mOpn4L is maximally activated by very short light pulses, leading to sustained G protein activation, G protein responses of hOpn4L need longer light pulses to be activated and decline in amplitude. Based on the different biophysical properties, brief light activation of mOpn4L is sufficient to induce sustained neuronal firing in cerebellar Purkinje cells (PC), whereas brief light activation of hOpn4L induces AP firing, which declines in frequency over time. Most importantly, mOpn4L-induced sustained firing can be switched off by yellow light. Based on the biophysical properties, hOpn4L and mOpn4L represent the first GPCR optogenetic tools, which can be used to switch GPCR pathways/neuronal firing on an off with temporal precision and limited phototoxicity. We suggest to name these tools moMo and huMo for future optogenetic applications.
RESULTS AND DISCUSSION
Vertebrate melanopsin (vOpn4) is expressed within the retina in specialized, intrinsically photosensitive retinal ganglion cells (ipRGCs) [3] . Studies on vOpn4 in ipRGCs suggest the activation of the G q pathway [4, 5] . vOpn4 functions as a tristable pigment, where regeneration/conversion of the retinal chromophores occurs within the receptor itself [6, 7] . This phenomenon would be ideal for optogenetic applications to switch G protein signals on and off with two different wavelengths of light.
Expression of hOpn4 in HEK293 cells has recently revealed that hOpn4 is capable of activating G i/o and G q pathways in heterologous expression systems [8] . Because the electrophysiological characterization of the action spectrum is much more sensitive than biochemical measurements of the absorption spectrum [7, 9] , we made use of the possibility to activate the G i/o pathway to characterize the biophysical properties of melanopsin variants on G i/o -mediated, G-protein-coupled inward rectifying K + (GIRK) channel modulation [10] . GIRK channels are modulated in a membrane-delimited, fast manner via the G i/o pathway [10, 11] . We compared the amplitudes and kinetics of light-induced activation and deactivation and decline of GIRK currents between hOpn4L and mOpn4L when expressed in HEK293 cells stably expressing GIRK1/2 subunits [2] . We found that hOpn4L and mOpn4L induce G i/o -dependent, but not G q/11 -dependent, inward rectifying K + (GIRK) currents (Figures S1 and S2) during a 10 s light pulse (470 nm; 1.8 mW/mm 2 ; Figure 1A ). The activation times for both opsin variants were around 5 s ( Figure 1B) . Deactivation of G i/o -induced GIRK channel activation to baseline levels only occurred when yellow light (50 s; 560 nm; 1.2 mW/mm 2 ) was applied ( Figure 1A ). Complete deactivation occurred within 30 s. No differences could be observed between the activation and deactivation kinetics when either 9-cis or all-trans retinal was applied or when vOpn4Ls were tagged with or without different fluorophores (Figures S2 and S3 ). However, hOpn4L and mOpn4L differed in the decline in GIRK currents after light stimulation and during repetitive light stimulation protocols (Figure 1 ). Whereas mOpn4L revealed sustained GIRK currents after 10 s light stimulation for more than 5 min ( Figures 1A and 1C ) and could be repetitively activated without decline in response amplitude ( Figures 1D  and 1E ), hOpn4L-mediated, light-induced GIRK current declined to less than 20% of its amplitude within 1 min ( Figures 1A and  1C) . Repetitive activation (20 light pulses) also led to a 50% reduction in response amplitude ( Figures 1D and 1E) .
We next investigated the minimal light pulse duration for activation and deactivation of vOpn4-mediated GIRK channel activation. We found that a 100 ms light pulse was sufficient to activate >90% of the mOpn4L response. For hOpn4L, a >500 ms light pulse was necessary for maximal activation of the G protein cascade (Figures 2A and 2B ). The time constant of the light pulse duration for activation was around 40 ms for mOpn4L and 120 ms for hOpn4L ( Figure 2B , inset). For the light pulse duration of the G protein deactivation, we found that, for hOpn4L, >80% of the G protein signal was switched off by light pulses >2 s, whereas G protein deactivation for mOpn4L needed >6 s light pulses to be switched off ( Figure 2C ). The time constant of light pulse duration for deactivation was around 1 s for hOpn4L and 5 s for mOpn4L ( Figure 2C , inset). Both melanopsin variants are very light sensitive because a 10 s, 0.03 mW/mm 2 , 470 nm light pulse was sufficient to fully activate the maximal GIRK currents ( Figure 2D ). In contrast, the intensity of light, where half-maximal deactivation occurs, was around 0.35 mW/mm 2 ( Figure 2E ).
We next investigated the wavelength dependence of the activation and deactivation of vOpn4-induced GIRK currents. We found that both mOpn4L and hOpn4L were maximally activated in the range between 410 and 470 nm ( Figures 2F and 2G ). There was an approximately 20 nm shift to longer wavelengths in the halfway light-dependent activation between hOpn4L (50% activation at 505 nm) and mOpn4L (50% activation at 525 nm). No or only minimal activation occurred above 550 nm for both vOpn4 variants ( Figure 2F ). Maximal light-induced deactivation occurred for both variants at around 560 nm, with no deactivation up to 490 nm. Differences between hOpn4L and mOpn4L could be observed at longer wavelengths of light. Whereas no deactivation occurred for mOpn4L at wavelengths >620 nm, the light-dependent deactivation curve was much broader for hOpn4L ( Figure 2G ).
Because melanopsin couples mainly and/or exclusively to the G q pathway in ipRGCs, we next investigated the light-dependent activation of the G q/11 pathway using mOpn4L and hOpn4L. We monitored the G q/11 -induced rise in intracellular Ca 2+ using GCaMP6 in HEK tsA 201 cells [12, 13] . We found that light activation of mOpn4L induced a robust sustained Ca 2+ signal, whereas light activation of hOpn4L induced a Ca 2+ signal, which immediately declined in amplitude ( Figure 3A) . The intracellular Ca We found that, in the absence of extracellular Ca 2+ , the sustained Ca 2+ response for mOpn4L is abolished and becomes transient ( Figure 3A ). In the presence of thapsigargin (with or without extracellular Ca 2+ ), no additional Ca 2+ signal can be induced by a second light activation of vOpn4s ( Figures 3B  and 3C ).
We next investigated whether we can use vOpn4 variants to induce transient or sustained modulation of Purkinje cell (PC) firing in vivo. PCs reveal an intrinsic firing activity, which can be modulated, for example, by excitatory, glutamatergic input involving G-protein-coupled receptors (GPCRs) coupling to the G q/11 pathway [14] . PCs were infected using an adenoassociated viral vector serotype AAV9.2YF under the control of the cytomegalovirus (CMV) promoter in experimental animals ( Figures 4A and 4B) . We found that a 10-s-long blue light pulse was sufficient to induce sustained increase in PC firing in mOpn4L expressing PCs even after light was switched off (Figures 4C and 4D ). Sustained increase in PC firing was also observed during a 60 s continuous light pulse ( Figures 4E  and 4F ). In contrast, light activation of hOpn4L-expressing PCs led to a rapid, transient increase in PC firing, which declined to baseline levels within 60 s (Figures 4E and 4F) . Note, long (60 s) light applications often silenced PCs after the light was switched off, which could be related to a depolarization block of the cells during long light stimulation protocols [15] [16] [17] .
We verified our in vivo data by recording PC firing in cerebellar slices ( Figures 4G-4J ). We found that 10 s blue light pulses were sufficient to increase PC firing sustainably when PCs were infected with mOpn4L. Continuous firing persisted after the light was switched off, and action potential (AP) firing could be decreased close to baseline levels by yellow light pulses ( Figures  4G and 4H ). In contrast, light activation of hOpn4L transiently increased the AP firing frequency. The light-induced melanopsin-mediated increases in firing might be mediated via the influx of cations into the neurons, because blue light activation of mOpn4L and hOpn4L induced an inward current ( Figures 4I  and 4J ).
Our characterization of the biophysical properties of hOpn4L and mOpn4L identifies naturally occurring, species-specific (B and C) Light pulse duration dependence of maximal GIRK current activation (B) and deactivation (C) induced by hOpn4L and mOpn4L (for B) using a 470 nm light pulse of the indicated duration followed by a 50 s light pulse of 560 nm and (for C) using a 1 s light pulse of 470 nm for GIRK current activation followed by a 560 nm light pulse of the indicated duration. Inset gives the time constants of the light pulse duration for activation (B) and deactivation (C).
(D and E) Light intensity dependence of maximal GIRK current activation (D) and deactivation (E) by hOpn4L and mOpn4L (for D) using a 10 s, 470 nm light pulse of the indicated intensity followed by a 30 s, 560 nm light pulse of maximal intensity for GIRK current deactivation and (for E) using a 10 s, 470 nm light pulse of maximal intensity for GIRK current activation followed by a 30 s, 560 nm light pulse of the indicated intensity for GIRK current deactivation. (F and G) Wavelength dependence of maximal GIRK current activation (F) and deactivation (G) induced by hOpn4L and mOpn4L (for F) using a 1 s light pulse of the indicated wavelength followed by a 40 s light pulse of 560 nm for GIRK current deactivation and (for G) using a 1 s light pulse of 470 nm for GIRK current activation followed by a 10 s light pulse of the indicated wavelength and a 40 s light pulse of 560 nm. Note that the action spectra represent the melanopsin states at photoequilibria. ***p < 0.001. See also Figures S1-S3. differences in signaling properties and new features for optogenetic applications, thus increasing the optogenetic toolbox for G q -coupled opsins.
Melanopsin functions as a tristable opsin where regeneration of the chromophore occurs in the photoreceptor itself [7, 18] . This phenomenon might explain that melanopsin induced GIRK currents and PCs are switched on and off by specific wavelengths of light. The predicted equilibrium fraction of the different receptor states [7] matches the wavelength-dependent activation and deactivation of hOpn4L and mOpn4L in our experiments, with maximal activation between 400 and 480 nm and maximal deactivation at approximately 560 nm. Species-specific differences in the active site and the surrounding amino acids of melanopsin may lead to differences in the stability of each state and may explain the differences we observed between the light pulse duration necessary to activate either hOpn4L or mOpn4L [19] . In addition, the stability of Schiff base linking retinal to melanopsin is variable among different melanopsin variants, influenced by extracellular amino acids and in particular unstable for hOpn4L [20] . This may contribute to the sustained versus transient activation of G protein signals by mOpn4 and hOpn4.
In photosensitive retinal ganglion cells from mice, three types of Ca 2+ responses can be detected, i.e., sustained, transient, and repetitive [21] . We also observed differences in the Ca mOpn4L and hOpn4L may involve differences in the intracellular protein domains of the Opn4 variants. In particular, phosphorylation of the intracellular loops including the CT by various kinases changes the light-induced Ca 2+ responses [22] [23] [24] [25] and may involve the interaction with b-arrestin1/2 [26] . However, at this point, we can't exclude the involvement of other factors and signaling proteins to explain the sustained versus transient activation of the vOpn4 variants. In its native environment in ipRGCs, melanopsin seems to be coupled exclusively to the Gq pathway [5, 27] , (except [28] ), whereas in heterologous expression systems hOpn4 has been described to couple to G i/o and G q/11 pathways [8, 29] . Since light activation of vOpn4s in cerebellar PCs (see Figure 4) , GABAergic neurons of the dorsal raphe nuclei [30] , and orexin neurons [31] increases neuronal firing, melanopsin seems to preferentially activate the G q pathway in neuronal circuits. However, we cannot exclude, at this point, that G i/o and G q/11 pathways are activated simultaneously and perhaps to different degrees by vOpn4s in neuronal circuits, which may contribute to the differences in signaling kinetics observed for the melanopsin variants. Therefore, for future optogenetic experiments, the modulatory properties of hOpn4 and mOpn4 have to be validated in the neuronal population of choice and vOpn4s should be genetically modified to couple to specific, endogenous G protein pathways. This will involve the addition and/or exchange of intracellular protein domains between vOpn4 and the GPCR of choice, as has been successfully demonstrated for light-activated GPCRs [2, 30, [32] [33] [34] [35] [36] [37] . GPCRs modulate the intracellular signaling cascades in virtually every cell in our body. GPCR signals can be fast (ms to s) and transient, sustained and long-lasting (min to hr), or even constitutive, leading to different regulatory cellular mechanisms for adjusting physiological events such as synaptic plasticity [38] or activation of different protein kinases [39] . Changes in the temporal-and spatial-dependent regulation of these signals in particular involving G q -coupled signals can cause different diseases such as inflammatory [40] and cardiovascular [41] disease or addiction, dyskinesia, and obesity [42, 43] . Thus, hOpn4L and mOpn4L now offer the opportunity to transiently or sustainably activate GPCR pathways to understand and control different temporally shaped G protein signals in health and disease.
EXPERIMENTAL PROCEDURES
A full description of the experimental procedures can be found in the Supplemental Experimental Procedures. 
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